Ovarian cancer is the most frequent cause of cancer death among all gynecologic cancers. We demonstrate here that lysophosphatidic acid (LPA)-induced ectodomain shedding of heparin-binding EGF-like growth factor (HB-EGF) is a critical to tumor formation in ovarian cancer. We found that among the epidermal growth factor receptor ( 
INTRODUCTION
Ovarian cancer is the most frequent cause of cancer death among all gynecologic cancers, and therapies over the last 30 years have not improved cure rates (1) . To develop a novel effective therapy for ovarian cancer, further understanding of the processes and molecules leading to the initiation and progression of ovarian cancer is required.
Activation of the ErbB family of receptors is involved in the progression of various cancers; therefore, epidermal growth factor receptor (EGFR) and ErbB2 are recognized as effective targets for the therapy of various cancers (2, 3) . In the case of ovarian carcinoma, impairments of the epidermal growth factor (EGF) system, including EGFR ligands and ErbB family receptors, have also been reported to be involved in autonomous proliferation of ovarian carcinoma cells. As described in the literature (2, 3) , EGFR overexpression occurs in 35-70% of all primary ovarian cancers. Statistical analyses have confirmed that EGFR overexpression is significantly associated with a high risk of progression in ovarian cancer patients (4) . Although the frequency of ErbB2 overexpression is low, it has been correlated with clinical outcome (2, 3) . Seven ligands have been described for EGFR: EGF; transforming growth factor (TGF) ␣; heparin-binding EGF-like growth factor (HB-EGF); amphiregulin; betacellulin; epiregulin; and epigen. Although a significant correlation between EGFR activation and ovarian cancer progression has been documented, which EGFR ligands contribute to cancer progression is largely unknown. The expression of TGF-␣ and amphiregulin was described in ovarian carcinomas, although expression levels varied in tumors (5, 6) . Pro-HB-EGF is also expressed in ovarian cancer cells, because ovarian cancer cells are sensitive to diphtheria toxin (DT) (7) , and DT utilizes pro-HB-EGF as the DT receptor (8) . However, no comprehensive studies examining the significance of EGFR ligands in ovarian cancer progression have been reported. HB-EGF is initially synthesized as a membrane-bound precursor (pro-HB-EGF; Ref. 9 ). The soluble form of HB-EGF (sHB-EGF) is released from the cell membrane by ectodomain shedding of pro-HB-EGF (10) , in a manner similar to that for other EGFR ligands (11) . Ectodomain shedding of pro-HB-EGF is critical for growth factor activity, and unregulated release of sHB-EGF results in lethal severe hyperplasia in mice (12) . A number of physiological and pharmacological stimuli, which include G protein-coupled receptor (GPCR) ligands such as lysophosphatidic acid (LPA), induce ectodomain shedding of pro-HB-EGF (13) (14) (15) , indicating that overabundance of such stimuli may cause excess release of sHB-EGF.
Ascites from ovarian cancer patients are considered to be a rich source of growth factor activity for ovarian cancer cells. The molecules involved in this process have been termed ovarian cancer activating factors (16) . Recent biochemical analysis has revealed that LPA is one possible ovarian cancer activating factor candidate (17, 18) . LPA is a simple phospholipid with numerous cellular effects including growth promotion, cell cycle progression, and cytoskeletal organization (19 -21) . LPA levels are markedly elevated in the plasma and ascites of patients with ovarian cancer (22) . LPA signals are generally mediated by LPA receptors, members of the GPCR family. Recent studies indicated that LPA and other GPCR ligands induce proteolytic cleavage of the extracellular domain (ectodomain shedding) of EGFR ligands at the cell surface (14, 15) . The secreted EGF family ligands then activate EGFR on ligation (14, 23) . Thus, LPA signals and the EGFR system are thought to be closely connected.
To search for novel effective therapeutic targets, in this work we studied the expression of EGFR ligands in ovarian cancer patients and found HB-EGF to be the primary EGFR ligand altered in ovarian cancer. Based on this evidence, we examined the role of HB-EGF in tumor formation of ovarian cancer cells in nude mice. Results showed that HB-EGF, especially in its soluble form, is essential for tumor growth of ovarian cancer cells in nude mice; therefore, inhibition of gene expression or inhibition of growth factor activity can block tumor growth. We also show evidence that LPA, which is produced by ovarian cancer cells, causes enhanced ectodomain shedding of pro-HB-EGF and consequent tumor formation.
MATERIALS AND METHODS
Reagents and Antibodies. DT and CRM197 were prepared as described previously (24) . To administer CRM197 to mice, LPS-like materials contaminating the CRM197 preparations were removed using Detoxi Gel (Pierce Biotechnology, Rockford, IL). LPA 18:1 (1-oleoyl-sn-glycerol-3-phosphate, sodium salt) and LPA 18:0 (1-stearoyl-sn-glycerol-3-phosphate, sodium salt) were purchased from Avanti Polar Lipids, Inc. (Alabaster, AL). Suramin, GM6001, PD98059, and PD153035 were obtained from Calbiochem (San Diego, CA). Polyclonal rabbit anti-EGFR and anti-mitogen-activated protein kinase (MAPK) antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Mouse monoclonal antibodies against phospho-tyrosine and phospho-MAPK were acquired from Upstate Biotechnology Inc. (Lake Placid, NY). Sheep antimouse IgG was obtained from Amersham Corp. (Arlington Heights, IL). Peroxidase-conjugated goat antirabbit IgG was purchased from Zymed (San Francisco, CA).
Cell Culture. SKOV3, RMG-1, OVMG1, and the transfected cells were maintained in RPMI 1640 supplemented with 100 units/ml penicillin G, 100 g/ml streptomycin, and 10% fetal bovine serum (ICN Biomedical, Irvine, CA).
Plasmid Constructions and Transfection. Constructions of plasmids encoding human pro-HB-EGF cDNA, the uc mutant, and the ⌬TM mutant (12) inserted into the eukaryotic expression vector pRc/CMV (Invitrogen, Carlsbad, CA) have been described previously. Plasmids encoding FLAG-tagged lipid phosphate phosphohydrolase (LPP)-1 and FLAG-tagged LPP-3 were generated by polymerase chain reaction (PCR) using human LPP-1 and LPP-3 complete cDNA (25) as templates. These fragments were then inserted into the BamHI-NotI sites of pCX4pur vector. To construct the HB-EGF small interfering RNA (siRNA) vector (pH1-PUR/siRNAHB-EGF), we synthesized the following DNA oligonucleotides: 5Ј-CCCGTCCGTGACTTGCAAGAGGT-TCAAGAGACCTCTTGCAAGTCACGGACTTTTTGGAAA and 5Ј-CTA-GTTTCCAAAAAGTCCGTGACTTGCAAGAGGTCTCTTGAACCTC-TTGCAAGTCACGGACGGGTGCA. After amplification of the cDNA fragments by PCR, the fragments were cloned into the PstI and XbaI site of the pH1 RNA interference vector (26) . The product was digested with BamH1 and XhoI and then cloned into a pPUR selection vector (Clontech, Palo Alto, CA) to confer puromycin resistance. Transfections of all constructs into SKOV3 and RMG-1 cells were performed using LipofectAMINE 2000 reagent (Invitrogen), according to the manufacturer's instructions. Transfected cells were selected with 400 g/ml G418 or 5 g/ml puromycin.
Assays of Diphtheria Toxin Binding and Protein Tyrosine Phosphorylation. To remove extracellular matrix components, cells were detached with trypsin-EDTA and then allowed to recover for 30 min in RPMI 1640 with 10% fetal bovine serum (27) . To assess the effect of each pharmacological agent on DT binding, after rinsing with serum-free medium, cells were incubated with serum-free medium at 37°C for 30 min. Cells (1 ϫ 10 6 ) were seeded on polylysine-coated 6-cm dishes. Samples were incubated with serum-free RPMI 1640 at 37°C for 1 h to assure the complete adherence of cells to the polylysine-coated dishes. Binding of 125 I-labeled DT to cells was measured, and values of the specific binding were determined as described previously (8) .
To examine the activation of EGFR and MAPK, cells were treated as described above. Cells were rinsed in phosphate-buffered saline containing 1 mM sodium orthovanadate and then lysed in radioimmunoprecipitation assay buffer [1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS, 150 mM NaCl, 50 mM Tris (pH 8.0), 0.2 unit/ml aprotinin, 2 g/ml leupeptin, 1 g/ml pepstatin A, 2 mM phenylmethylsulfonyl fluoride, and 1 mM sodium orthovanadate]. Extracts and immunoprecipitants were then subjected to SDS-polyacrylamide gel electrophoresis and immunoblotting analysis (28) .
Tumor Growth in Nude Mice. Subconfluent cell cultures were detached from plates with trypsin-EDTA. A total volume of 250 l containing 5 ϫ 10 6 cells suspended in serum-free RPMI 1640 was injected into female BALB/c nu/nu mice at 5 weeks of age (Charles River Laboratories). Injection-treated mice were examined every week for tumor apparition. Tumor volume was calculated as described previously (29) . To assess the effect of CRM197 inhibition, CRM197 dissolved in 1 ml of 20 mM HEPES and 0.15 M NaCl (pH 7.2) [1 mg/week] was injected intraperitoneally into tumor-bearing mice each week. All experimental use of animals complied with the guidelines of Animal Care of Kyushu University.
Reverse Transcription-PCR. For the cell lines used in this study, total cellular RNA was purified. First-strand cDNA synthesis was performed as described previously (30) . PCR analysis for the expression of EGFR ligands and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as an internal control was performed using the primers described (31) . For real-time PCR analysis, total cellular RNA was purified from frozen tumor tissues; first-strand cDNA synthesis was performed according to the manufacturer's protocol. Primers specific for HB-EGF (5Ј-CTCCCTCCTGCATCTGCCACCC-3Ј), TGF-␣ (5Ј-CCAGCATGTGTCTGCCATTCTGGG-3Ј), amphiregulin (5Ј-TCA-GAGTTGAACAGGTAGTTAAGCCCCC-3Ј), and GAPDH (5Ј-CCGACTCT-TGCCCTTCGAAC-3Ј) were labeled with 6-carboxyfluorescein fluorescent spectrum as a reporter. The amplification primer pairs were 5Ј-TGGAGAAT-GCAAATATGTGAAGGA-3Ј and 5Ј-AGGATGGTTGTGTGGTCATAGG-TAT-3Ј for HB-EGF, 5Ј-GATTCCCACACTCAGTTCTGCTT-3Ј and 5Ј-CAC-AGCGTGCACCAACGT-3Ј for TGF-␣, 5Ј-CCTGGCTATATTGTCGATGAT-TCA-3Ј and 5Ј-GTATTTTCACTTTCCGTCTTGTTTTG-3Ј for amphiregulin, and 5Ј-GAAGGTGAAGGTCGGAGTC-3Ј and 5Ј-CTTTAGGGTAGTGGTA-GAAG-3Ј for GAPDH. PCR reactions were carried out using the ABI Prism 7700 Sequence Detection System (Perkin-Elmer Applied Biosystems, Foster City, CA). The expression index for each messenger RNA was defined as the EGFR ligand messenger RNA copy number/GAPDH messenger RNA copy number ϫ 10 4 . Assay of Cell Surface Activities Hydrolyzing LPA of LPP-Transfected SKOV3 Cells. Radiolabeled LPA was prepared by Escherichia coli diacylglycerol kinase-catalyzed phosphorylation of monoolein (Sigma-Aldrich, St. Louis, MO) as described previously (25, 32) . Cells (3 ϫ 10 5 cells/well in a 12-well culture plate) were starved for 24 h in RPMI 1640 containing 0.1% bovine serum albumin. The cells were then incubated for 10 min at 37°C in medium containing 3% bovine serum albumin and radioactive LPA (20 M; specific radioactivity, ϳ7000 cpm/nmol; Ref. 33 ). The culture medium was then rapidly aspirated, and the cells were washed once with 0.5 ml of Trisbuffered saline. The inorganic phosphate liberated was extracted from the aliquots (250 l) of the combined medium as described previously (25, 32) .
The Amount of EGFR Ligands in Ascitic Fluid. The quantity of HB-EGF in patient ascites fluids was determined by 125 I-DT binding. One milliliter of ascites fluid was incubated with 20 l of heparin-Sepharose CL-6B (Amersham Biosciences, Uppsala, Sweden) for 5 h at 4°C. Gels were washed in phosphate-buffered saline, incubated with 125 I-DT (100 ng/ml) in the presence or absence of excess unlabeled DT for 12 h at 4°C, and then washed with phosphate-buffered saline containing 1 mg/ml bovine serum albumin. The radioactivity bound to the gels was then counted in a gamma counter; the specific binding of 125 I-DT was determined. The amount of HB-EGF was determined by normalization to a standard curve obtained by assessment of recombinant HB-EGF. The amounts of TGF-␣ and amphiregulin were determined by enzyme-linked immunosorbent assay systems provided by R&D Systems, Inc. (Minneapolis, MN), and TECHNE Corp. (Minneapolis, MN), respectively. The sensitivity of these assays was Ͻ2.2 pg/ml for TGF-␣ and Ͻ5 pg/ml for amphiregulin.
Patients and Statistical Analysis. All of the patients examined had undergone surgery between 1997 and September 2002 at the Department of Obstetrics and Gynecology, Kyushu University Hospital. All tissue samples were obtained at surgery from 34 patients with stage III/IV ovarian cancer derived from coelomic epithelium and 10 patients with normal ovaries who had surgery for benign disease or other gynecologic cancer. Ascitic fluid was also obtained from a total of 37 patients with normal ovaries (n ϭ 10), benign ovarian cysts (n ϭ 10), and stage III/IV ovarian cancers (n ϭ 17). In this study, informed consent was obtained from all patients. The values for each EGFR ligand were analyzed using the Mann-Whitney U test. P Ͻ 0.05 was considered statistically significant.
RESULTS

Enhanced Expression of HB-EGF in Human Ovarian Cancer.
In the beginning of this study, we determined the expression levels of EGFR ligand genes in ovarian cancer. Among EGFR ligands, the expression of HB-EGF, TGF-␣, amphiregulin, and epiregulin was measured by nonquantitative reverse transcription-PCR (RT-PCR) in specimens from patients with ovarian cancer. EGF and betacellulin expression were not detected (data not shown). Then, we determined the expression levels of these four EGFR ligand genes in a quantitative manner by real-time PCR using specimens from patients with normal ovaries or ovarian cancer. Expression indices of HB-EGF, TGF-␣, and amphiregulin in patients with normal ovaries or ovarian cancer are shown in Fig. 1A . The expression level of epiregulin was similar to that of TGF-␣. 5 Large differences between the expression of HB-EGF and the other three EGFR ligands were observed in the tissue specimens examined. In addition to gene expression, we also determined the protein levels of HB-EGF, TGF-␣, and amphiregulin in ascites fluids (Fig. 1B) . The amount of epiregulin was not determined because appropriate antibodies for enzyme-linked immunosorbent assay were not available. Consistent with the PCR data, the amount of HB-EGF in the peritoneal fluid of patients with normal ovaries or ovarian cancer was much higher than the amount of TGF-␣ and amphiregulin. Furthermore, and more importantly, HB-EGF gene expression levels in tissue specimens and protein levels in ascitic fluid from patients with ovarian cancer increased significantly from the levels observed in normal and cystic ovary tissues, although such enhanced expression was not observed for other EGFR ligands. These results indicated that HB-EGF may play a role in human ovarian cancer.
HB-EGF Is Essential for Tumor Formation of Ovarian Cancer Cells. As shown above, HB-EGF was the only EGFR ligand with particularly enhanced RNA and protein levels in ovarian cancer. To examine whether HB-EGF contributes to tumor formation in human ovarian cancer, we studied the relationship between HB-EGF expression levels and tumor-forming ability of ovarian cancer cell lines in nude mice. SKOV3 and RMG-1 are cell lines derived from human epithelial ovarian carcinomas. RT-PCR revealed that HB-EGF is the primary EGFR ligand expressed in these cells, although expression of TGF-␣, amphiregulin, and epiregulin was also detected (Fig. 2, A and  B) . A DT binding assay confirmed the presence of pro-HB-EGF on the surface of SKOV3 and RMG-1 cells and indicated that the amount of pro-HB-EGF on the surface of RMG-1 cells was about 2.5-fold higher than that on the surface of SKOV3 cells (Fig. 2, C and D) . When SKOV3 and RMG-1 cells were injected subcutaneously (5 ϫ 10 6 cells/mouse) into nude mice, both cells formed tumors (Fig.  3, A and B) . Consistent with HB-EGF expression levels, RMG-1 cells formed tumors more rapidly than SKOV3 cells.
To gain evidence of the involvement of HB-EGF in tumor formation, ovarian cancer cells ectopically expressing pro-HB-EGF were isolated. SK-HB cells were obtained by transfecting SKOV3 cells with wild-type pro-HB-EGF. SK-HB-1-3, stable clones of SK-HB cells, expressed pro-HB-EGF on the cell surface at levels approximately 7-fold higher than that of the parental SKOV3 cells (Fig. 2C) . All SK-HB cell clones formed larger tumors in nude mice than the parental SKOV3 cells. Mice that received injection with SK-HB cells died within 6 weeks of subcutaneous injection (Fig. 3C) . Similar results, i.e., enhanced tumorigenicity, were also observed in R-HB cells obtained by transfecting RMG-1 cells with wild-type pro-HB-EGF (data not shown).
To confirm the requirement for pro-HB-EGF in tumor formation of ovarian cancer cells, pro-HB-EGF expression was suppressed by vector-encoded siRNA. A plasmid coexpressing the pro-HB-EGF siRNA and a puromycin resistance gene was transfected into either SKOV3 or RMG-1 cells. After selection in puromycin-containing media, we isolated the surviving colonies. The specific knockdown of pro-HB-EGF expression in the isolated clones (referred to as SK181-1, SK181-2, and SK181-3 for SKOV3 transfectants and R181-1, R181-2, and R181-3 for RMG-1 transfectants) was confirmed by RT-PCR (Fig. 2E) . DT binding also revealed reduced levels of pro-HB-EGF on the cell surface in these siRNA-expressing cells, although the reductions observed were minimal in clone R181-3 (Fig.  2D) . SKOV3, RMG-1, and the respective transfectants were injected subcutaneously (5 ϫ 10 6 cells/mouse) into nude mice. Whereas SKOV3 cells rapidly formed tumors in nude mice, the pro-HB-EGF knockdown cell clones, SK181-1, SK181-2, and SK181-3, did not form tumors until 10 weeks after subcutaneous injection (Fig. 3A) . Similarly, whereas RMG-1 cells developed into tumors more rapidly than SKOV3 cells, R181-1 and R181-2 did not form tumors until 6 weeks after injection, and tumors were slow to develop after this point (Fig. 3B). R181-3 Suppression of Tumor Growth by Exogenously Administered CRM197. To further examine the tumorigenic activity of sHB-EGF, we studied the effect of CRM197 on tumor growth. CRM197, a nontoxic mutant protein of DT, is a specific inhibitor of sHB-EGF (34) . One week after subcutaneous injection of either SKOV3 or RMG-1 cells, mice were given CRM197 (1 mg/week) every week by intraperitoneal injection. Tumor formation was completely suppressed by CRM197 treatment (Fig. 4, A and B) . Similar results were also observed with OVMG1, another ovarian cancer cell line (Ref. 35 ; Fig.  4C ). Furthermore, CRM197 also completely suppressed tumor formation from SK-HB-1 (Fig. 4D ) and R-HB-1 cells (data not shown), even though these cells expressed high levels of surface pro-HB-EGF. These results confirm that HB-EGF is required for tumor formation of ovarian cancer cell lines in vivo. In comparison, Taxol, a widely used chemotherapeutic agent for ovarian cancer, was used for nude mice with SKOV3 or SK-HB-1 cell tumors. Taxol inhibited tumor formation of SKOV3 cells to a degree similar to that of CRM197 but only weakly inhibited tumor formation by SK-HB-1 cells (Fig. 4, E and F) .
Ectodomain Shedding of Pro-HB-EGF Is Essential for Tumor Formation.
A previous study indicated that ectodomain shedding of pro-HB-EGF is critical for growth factor activity (12) . To examine the 
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on April 13, 2017. © 2004 American Association for Cancer cancerres.aacrjournals.org Downloaded from requirement for pro-HB-EGF ectodomain shedding for tumor formation, we prepared SKOV3 cells ectopically expressing mutant forms of pro-HB-EGF. SK-MHB and SK-SHB cells were obtained by transfecting SKOV3 cells with an uncleavable pro-HB-EGF mutant (uc) and an HB-EGF form with its transmembrane domain deleted (⌬TM). The uc form is resistant to ectodomain shedding resulting from induction by various shedding-inducing stimuli, whereas the ⌬TM secretes sHB-EGF in the absence of shedding stimuli (12) . SK-MHB cell clones expressed the uc form of pro-HB-EGF mutants on the cell surface at levels approximately 9-fold higher than that of the parental SKOV3 cells (Fig. 2C) . However, SK-MHB cell clones did not form tumors until 10 weeks after subcutaneous injection (Fig. 3D) , despite endogenous expression of wild-type pro-HB-EGF. SK-SHB cell clones developed the largest tumors of all of the cells tested, and the majority of mice that received injection with SK-SHB cells died between 4 and 6 weeks after injection (Fig. 3D) . These results indicate that ectodomain shedding of pro-HB-EGF, leading to the liberation of sHB-EGF, is essential for tumor formation of ovarian cancer cells in vivo.
LPA Induces Pro-HB-EGF Ectodomain Shedding and Transactivation of EGFR in Ovarian Cancer Cells. As shown in the above sections, pro-HB-EGF and ectodomain shedding are essential for tumor formation of ovarian cancer cells in nude mice. Considering that ectodomain shedding of pro-HB-EGF is a regulated process that does not occur without shedding-inducing stimuli (15, 36) , some factor(s) seems to enhance ectodomain shedding of pro-HB-EGF in ovarian cancer cells. In ovarian cancer patients, LPA levels are markedly elevated in plasma and ascites (22) . In addition, using different cell lines, we and others have shown that LPA induces ectodomain shedding of pro-HB-EGF (14, 15, 36) . Thus, we next focused on the contribution of LPA to the ectodomain shedding of pro-HB-EGF in ovarian cancer cells.
We first confirmed whether exogenously added LPA actually induces pro-HB-EGF ectodomain shedding in ovarian cancer cells. SKOV3, RMG-1, and OVMG1 cells were treated with saturated or unsaturated LPA, and pro-HB-EGF ectodomain shedding was determined. Ectodomain shedding was quantitated by measuring the amount of pro-HB-EGF remaining on the cell surface using the DT binding assay (8) . Addition of LPA with unsaturated fatty acids (18:1), but not LPA with saturated fatty acids (18:0), to these ovarian cancer cells induced ectodomain shedding of pro-HB-EGF (Supplementary Fig. 1 ). The metalloprotease inhibitor GM6001, which inhibits ectodomain shedding of EGFR ligands, blocked LPA-induced decreases in pro-HB-EGF surface levels, confirming that the reduction resulted from ectodomain shedding.
LPA-induced pro-HB-EGF ectodomain shedding resulted in transactivation of EGFR and the downstream kinase extracellular signalregulated kinase (ERK)/MAPK. As shown in Fig. 5, A and B, addition of LPA 18:1 (unless otherwise specified, LPA 18:1 was used in all of the following experiments) enhanced EGFR and ERK/MAPK activation, and GM6001 blocked LPA-induced EGFR and ERK/MAPK activation. In contrast, the activation of EGFR and ERK/MAPK by exogenously added sHB-EGF was not inhibited by GM6001 treatment. By preventing the binding of EGFR ligands to the EGFR extracellular domain, an anti-EGFR antibody, ICR-3R, also blocked LPA-induced activation of EGFR and ERK/MAPK. These results confirm that LPA-induced activation of EGFR and ERK/MAPK in SKOV3 and RMG-1 cells occurred via a ligand-dependent mechanism. SKOV3 and RMG-1 cells express other EGFR ligands including TGF-␣, amphiregulin, and epiregulin at levels lower than that of HB-EGF (Fig. 2, A and B) . However, inhibition of HB-EGF protein by CRM197 or HB-EGF gene expression by siRNA prevented LPAinduced transactivation of EGFR and ERK/MAPK (Fig. 5, C and D) . These results indicate that HB-EGF is the primary EGFR ligand contributing to LPA-induced transactivation of EGFR and ERK/ MAPK in ovarian cancer cells.
Self-Production of LPA in Ovarian Cancer Cells Results in Constitutive HB-EGF Shedding and EGFR Activation. LPA is constitutively produced in ovarian cancer cells, including SKOV3 and RMG-1 (22, 37) . This constitutive production of LPA potentially contributes to autonomous induction of pro-HB-EGF shedding. The DT binding assay revealed that incubation of SKOV3 cells with GM6001 or suramin, a broad specificity inhibitor of LPA-LPA receptor interaction (15, 38) , increased the amount of pro-HB-EGF on the cell surface, even in the absence of exogenously added LPA (Supplementary Fig. 2A ). SKOV3 and RMG-1 cells demonstrated constitutive weak phosphorylation of EGFR and ERK/MAPK (Fig. 5, A, B , and E). The elevated background levels of EGFR and ERK/MAPK activation were due to constitutive shedding of pro-HB-EGF because treatment with suramin or GM6001 abrogated the constitutive phosphorylation of EGFR and ERK/MAPK. Transactivation of EGFR and ERK/MAPK by constitutively produced LPA, through autocrine stimulation of pro-HB-EGF shedding, was more clearly demonstrated with SK-HB-1 cells. These cells demonstrate strong phosphorylation of EGFR and ERK/MAPK, and treatment with suramin or GM6001 abrogated the constitutive phosphorylation of EGFR and ERK/MAPK (Fig. 5F ). These results indicate that EGFR and ERK/MAPK are constitutively activated by the constitutive cleavage of pro-HB-EGF after endogenous LPA production. As we have shown previously (36) , activation of the MAP/ERK kinase (MEK)-ERK pathway results in pro-HB-EGF shedding. Released HB-EGF causes EGFR activation, subsequently stimulating the Ras-MEK-ERK pathway. Thus, the induction of pro-HB-EGF shedding by constitutive LPA signaling could be amplified by an autocrine loop, as discussed previously (36) . Both an inhibitor of EGFR tyrosine kinase, PD153035, and a MEK inhibitor, PD98059, inhibited pro-HB-EGF ectodomain shedding in SKOV3 and SK-HB-1 cells, resulting in increases in surface pro-HB-EGF (Supplementary Fig. 2 ). These inhibitors prevented EGFR and ERK/MAPK activation in these cells at levels comparable with the inhibition of shedding (Fig. 5, E and F) . These results indicate that constitutive production of LPA induces autonomous cleavage of pro-HB-EGF and subsequent activation of EGFR in ovarian cancer cells.
Degradation of Extracellular LPA Reduces Pro-HB-EGF Shedding and Tumor Formation. To confirm the relationship between LPA production and pro-HB-EGF shedding in ovarian cancer cells, we isolated stable clones of SKOV3 cells ectopically expressing a phosphatidic acid phosphatase family phosphatase. LPP-1/PAP2A and LPP-3/PAP2B, both membrane-associated phosphatases, degrade extracellular LPA (25, 32, 39) . SK-LPP1 cells (SKOV3 transfectants expressing LPP-1) and SK-LPP3 cells (those expressing LPP-3; Fig.  6A ) degraded added LPA in the medium more effectively than the parental SKOV3 cells (Fig. 6B) . Both SK-LPP1 and SK-LPP3 cells demonstrated increased DT binding (Fig. 6C) and reduced EGFR and ERK/MAPK activation at steady state (Fig. 6D) , indicating that ectodomain shedding of pro-HB-EGF was suppressed by LPP expression. Furthermore, expression of LPP-1 or LPP-3 in SKOV3 cells partially suppressed tumor formation from these cells in nude mice (Fig. 6, E and F) , in accordance with previous reports (33) . These results further confirm that LPA-induced ectodomain shedding of pro-HB-EGF functions in tumor formation in ovarian cancer.
DISCUSSION
We have demonstrated here that among the EGF family of growth factors, HB-EGF is a key ligand in ovarian cancer. A number of tumors isolated from ovarian cancer patients expressed high levels of HB-EGF (Fig. 1A) , and the ascites fluid obtained from ovarian cancer patients contained higher concentrations of HB-EGF protein than those from normal control subjects and patients with benign tumors (Fig. 1B) . Although TGF-␣ and amphiregulin have been reported to contribute to the formation and progression of other tumors (2, 3, 40 -42) , the expression levels of TGF-␣ and amphiregulin in ovarian cancer samples and the protein levels in ascites fluids from ovarian cancer patients were 1 or 2 orders of magnitude lower than those of HB-EGF. The present study also demonstrated that HB-EGF is an essential molecule for tumor formation of ovarian cancer cell lines in nude mice. Suppression of endogenous HB-EGF through siRNA knockdown or inhibition by CRM197 completely inhibited tumor formation. Such strong inhibition of tumor formation supports the notion that HB-EGF is a key molecule in the tumor-forming activity of ovarian cancer cells.
CRM197, a nontoxic DT mutant (24) , binds to human HB-EGF to block its mitogenic activity (34) . Because CRM197 does not inhibit the mitogenic activity of other EGFR ligands, CRM197 has been used as a specific inhibitor of HB-EGF (14) . This study also indicates that CRM197 or similar molecules exerting HB-EGF inhibition could be effective therapeutics for ovarian cancer. Because CRM197 effectively suppressed the growth of Taxol-resistant SK-HB cells, CRM197 or similar drugs may be an effective treatment for patients with recurrent, Taxol-resistant cancer. The present study also suggests that overexpression of the uc form of pro-HB-EGF inhibits tumor formation of SKOV3 cells. The inhibitory effect of the uc form, possibly due to the dominant-negative effect of the membrane-bound pro-HB-EGF (28), could also be useful in tumor suppression. Additional studies will be necessary to clarify this mechanism.
We have also demonstrated that LPA-induced ectodomain shedding of pro-HB-EGF contributes to tumor formation in ovarian cancer. This is the first study directly demonstrating that LPA-induced HB-EGF ectodomain shedding is critical for tumor formation. The concentrations of LPA required to induce pro-HB-EGF shedding in these ovarian cancer cells were comparable with the concentrations of LPA observed in the ascites of patients with epithelial ovarian cancer (16, 37) . Previous studies indicate that unsaturated fatty acids are increased in plasma LPA in patients with late-stage or recurrent ovarian cancer (43) and that LPA-containing unsaturated fatty acids are more biologically active than LPA with saturated fatty acid chains (19 -21) . Consistent with the above-mentioned reports, LPA with unsaturated fatty acids (18:1) induced ectodomain shedding of pro-HB-EGF, but saturated fatty acids (18:0) showed a minimal effect ( Supplementary  Fig. 1 ).
Our results indicate that autonomous LPA production by ovarian cancer cells induces constitutive pro-HB-EGF shedding and EGFR activation. Shedding would be amplified by two positive feedback loops, one for LPA production and the other for pro-HB-EGF ectodomain shedding. LPA is produced from ovarian cancer cells by sequential degradation of membrane phospholipids through the combined action of phospholipase D, phospholipase A2, phospholipase A1, and lysophospholipase A2 (37, 44 -46) . Phospholipase D and lysophospholipase A2 are activated by EGFR activation (47, 48) , suggesting that LPA-induced ectodomain shedding of HB-EGF and subsequent EGFR stimulation may enhance LPA production. At steady-state conditions, LPA is rapidly degraded, primarily by dephosphorylation to monoacylglycerol. The homeostasis of LPA production and LPA degradation may be perturbed in ovarian cancer. Overexpression of LPP-3 in ovarian cancer cells decreased LPA levels, thereby reducing in vivo tumorigenicity (33) . We demonstrated that LPP-1 and LPP-3 decrease HB-EGF ectodomain shedding and EGFR activation under serum-free conditions and confirmed the inhibitory effect of these molecules on tumor formation. Thus, targeted suppression of the autocrine loop of LPA production may be an effective approach to ovarian cancer therapy. The other positive feedback loop acts to enhance ectodomain shedding. LPA-induced ectodomain shedding of pro-HB-EGF results in EGFR activation and subsequent ERK/MAPK activation. Activation of the EGFR-MEK-ERK/MAPK pathway in turn promotes pro-HB-EGF shedding as reported previously (36) . EGFR signals also induce transcription of pro-HB-EGF and other EGFR ligands (49) , resulting in repeated activation of pro-HB-EGF shedding and EGFR activation. LPA signaling may trigger multiple positive feedback loops ensuring substantial EGFR activation.
The standard care for ovarian cancer is a combination of surgery and chemotherapy. Cytotoxic agents including carboplatin and paclitaxel form the cornerstone of chemotherapy in ovarian cancer. However, most patients with advanced ovarian cancer relapse within 2 years of initial treatment and ultimately die due to the development of drug resistance. In ovarian cancer, overexpression of EGFR has been associated with chemoresistance and poor prognosis (4). Targeting HB-EGF, as the abundant EGFR ligand, may be favorable for treatment of chemoresistant ovarian cancer. It is also noted that HB-EGF activates ErbB4 and ErbB2 as well as EGFR (50) . Therefore, HB-EGF might be a better target for the therapy of ovarian cancer than EGFR.
In conclusion, HB-EGF is a key molecule connecting the signals from LPA to EGFR in ovarian cancer cells. We argue that, among all of the members of the EGFR family, HB-EGF and the signaling pathway to induce pro-HB-EGF ectodomain shedding are a novel target for the therapy of ovarian cancer. EGF family receptors are widely accepted as effective targets for cancer therapy. This study indicates that EGFR ligands are also good candidates for targeted cancer therapies.
